There is a growing body of evidence which increasingly points to serious and irreversible ecological consequences if current unsustainable manufacturing practices and consumption patterns continue. Recent years have seen a rising awareness leading to the generation of both national and international regulations, resulting in modest improvements in manufacturing practices. These incremental changes however are not making the necessary progress towards eliminating or even reversing the environmental impacts of global industry. Therefore, a fundamental research question is: 'How can we meet the long term demand of our growing global population, and in this context, what are the key challenges for the future of manufacturing industry?' A common approach adopted in such cases is to utilise foresighting exercises to develop a number of alternative future scenarios to aid with long-term strategic planning. This paper presents the results of one such study to create a set of 'SMART Manufacturing Scenarios' for 2050.
INTRODUCTION
Our society and environment are changing at an unprecedented rate. Rapid industrial development and economic growth, brought on by staggering advancements in technology, are taking place at the expense of the environment. As we come to understand more about the biophysical constraints of our planet and the impacts of human activities, the growing scale of the challenge ahead is becoming clear.
In particular, the impact of manufacturing activities on the environment has become an area of great focus and concern at all levels, from public through to industry and government. A range of initiatives, investments and regulations have been put in place to mitigate the effects of manufacturing activities, however, at present these are at best just managing to slow down the rate of growth in environmental impact, as opposed to eliminating or reversing the damages caused.
In this context, a great deal of work has been conducted in recent years to better understand the future global requirements. It has been estimated that by 2050 the global population will have risen to over 9 billion [1] and that greenhouse gas (GHG) emissions will have increased by over 50%, driven primarily by a projected 80% rise in global energy demand [2] . When considering that we need to reduce our GHG emissions by 80% (compared to 1990 levels) in order to limit global warming to a maximum increase of 2ºC [3] , this predicted rapid increase in future emissions presents serious economic and ecological concerns that require immediate attention.
Furthermore, studies have shown that if everyone in the world consumed at the rate of the average U.S. resident, we would need the resources of 4.5 Earths to sustain this [4] and the world's proven oil reserves would be consumed in less than 10 years [3] . It has also been predicted that current reserves of copper, zinc, lead, nickel, tin, silver, and gold will be depleted by 2050 [5] , and a study by states that by 2050 up to 4 billion people could live in areas facing water scarcity or stress.
These predictions give a clear indication that current efforts to reduce impacts are not enough and therefore a radical new approach is needed; as depicted in Figure 1 . In order to identify such radical improvements, foresighting and scenario planning approaches are often used by both commercial and governmental organisations to generate strategic insights. In times of high uncertainty, these methods help to understand the challenges and opportunities which lie ahead by enabling complex future scenarios to be visualised through the combination of two key facets, i.e. facts and perceptions [7] .
By considering both quantitative and qualitative factors, scenario planning methods go beyond the reach of conventional planning to give a fresh, in-depth perspective. These approaches can be used by companies to systematically identify the most influential factors affecting their industry, and to explore corresponding critical change drivers through informed long term strategic planning activities.
This paper describes one such scenario planning study undertaken with a specific focus on the manufacturing industry. The first part discusses a number of existing foresighting applications and describes the methodology used to generate the 'SMART Manufacturing Scenarios' (SMS). The main section provides an overview of the critical drivers which will shape future industry, and utilises a target year of 2050 to identify four feasible scenarios for future manufacturing.
Figure 1: Environmental Impacts Projections. SCENARIO PLANNING IN PRACTICE
Developed in the middle of the twentieth century, scenario planning was firmly established in the corporate world as a 'strategic planning tool' at Royal Dutch Shell by Pierre Wack [8] who stated:
"Scenario planning aims to rediscover the original entrepreneurial power of foresight in contexts of change, complexity, and uncertainty. It is precisely in these contexts -not in stable times -that the real opportunities lie to gain competitive advantage through strategy."
To this day, Shell remains world leader in developing scenarios and continues to offer advice to others who wish to conduct their own studies [9] . Their most recent forecasts discuss the effects of governmental and social behaviours on energy supply and put forward two opposing future scenarios [10] . These are utilised internally by viewing each through a set of 'lenses' which consist of different 'recession and recovery' outlooks based on the effects of the recent global economic crisis. This helps them to be more responsive to change in an uncertain market by accounting for, not only the key drivers directly affecting their industry, but also for globally uncertain factors.
The precedent set by Pierre Wack and Shell has seen a broad uptake of scenario planning activities in recent years. As environmental issues have become a key area of concern and future challenges have become more complex, these methods have been employed by governments and businesses alike to plan for the future, with a particular focus on 2050 as a key milestone year for society's progress. In this context, early examples of these studies were published by organisations such as the World Business Council for Sustainable Development (WBCSD) [11] , the World Energy Council (WEC) [12] , and the UK Department of Trade and Industry (DTI) [13] amongst others, as a means to identify critical factors which might influence progress in different areas.
More recently, a number of examples have been published through collaborative projects involving a range of stake holders such as consumers, industrial corporations and governing bodies. One such study was conducted through the 'Centre on Sustainable Consumption and Production' (CSCP), a joint venture between the United Nations Environment Program (UNEP) and the Wuppertal Institute in Germany [14] . This project created different 'SPREAD' scenarios for 2050 and used them to generate accompanying roadmaps to sustainable lifestyles in each possible future.
Another group of studies has been conducted by 'Forum for the Future' in partnership with Hewlett Packard Labs, Sony and a number of others. These projects explored different 'Climate Futures' scenarios [15] based on varying responses to climate change, and used these to facilitate crowd sourced discussions about how technology can be leveraged to help guide towards more sustainable lives in the future [16] .
In each case stated above, scenario planning methodologies were used to identify the 'critical uncertainties' of each situation. These were then mapped onto two critical axes which allow four contrasting scenarios to be generated. This approach, made famous by Shell and sometimes referred to as the 'two axes method', is one of the most common outputs of these foresighting exercises [17] . It allows organisations to critically assess both quantitative and qualitative information in order to imagine possible futures in specific areas of industry, based on specific drivers and concerns. This offers the flexibility to focus on a broad, or more narrow range of influencing factors, depending on differing strategic concerns.
In this context, one such study was found which related directly to the manufacturing industry. This was conducted by the European Commission (EC) in 2003 and generated a set of 'Scenarios on the future of manufacturing in Europe 2015-2020' (FutMan) which focused on the challenges set by sustainability, and the effects of socio-economic developments and future technologies on the European manufacturing sector [18] . The project discussed various policy and market concerns as drivers for governance decisions and found that the most critical factors affecting the future of manufacturing were 'Integration of Sustainable Development Policies', and 'Public Values and Consumer Behaviour'. The scenarios generated are shown in Figure 2 . This study intended to highlight key trends in European manufacturing and to stimulate thinking on policy and technological options by focussing the formation of the scenarios around ten critical socio-economic factors: Global Governance, EU (European Union) Policy Integration, Public Values (consumer behaviour), Innovation Policy, Transport/Energy Infrastructure, Sustainable Development, Education System, Higher Education, Labour Market and Social Security (labour costs).
It should be noted that although the different examples presented above were each developed with a very specific purpose and very specific audience in mind, a clear set of common themes can be observed. The recurring critical factors in each case were often found to be governmental strategies, technological advances and social values. As such, these themes have been explored further as part of the development of the SMS for 2050.
DEVELOPING THE SMART MANUFACTURING SCENARIOS
A two axes scenario planning methodology was employed in this study to generate the four SMS. This method required a systematic approach to identify and assess the most critical factors affecting the development of the manufacturing industry over the next four decades with the aim of better understanding possible futures and supporting a range of strategic decisions related to design of future products, development of the next generation of production technologies and a responsible approach to business planning.
The initial stages of the study identified population growth (human impacts), climate change (ecological impacts) and resource depletion (manufacturing impacts) as the three key drivers affecting the environment and the future of manufacturing, depicted in Figure  3 . For each of these drivers a range of interdependent and interlocking issues were investigated and analysed in order to identify how they might influence the future of society, governance, and therefore, the manufacturing industry. 
